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We explore the influence of a temperature-dependent shear viscosity over entropy density ratio 7,/s on
the azimuthal anisotropies v, and v, of hadrons at various rapidities. We find that in Au + Au collisions at
full Relativistic Heavy Ion Collider energy, ./sxn = 200 GeV, the flow anisotropies are dominated by hadronic
viscosity at all rapidities, whereas in Pb + Pb collisions at the Large Hadron Collider energy, /sny = 2760 GeV,
the flow coefficients are affected by the viscosity in both the plasma and hadronic phases at midrapidity, but the
further away from midrapidity, the more dominant the hadronic viscosity becomes. We find that the centrality and
rapidity dependence of the elliptic and quadrangular flows can help to distinguish different parametrizations of
(ns/s)(T). We also find that at midrapidity the flow harmonics are almost independent of the decoupling criterion,

but they show some sensitivity to the criterion at backward and forward rapidities.
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I. INTRODUCTION

Determining the transport properties of the quark-gluon
plasma (QGP) formed in ultrarelativistic nuclear collisions [1]
is nowadays one of the main goals in high-energy nuclear
physics. Fluid-dynamical models indicate a very low shear
viscosity to entropy density ratio 7, /s, when tuned to repro-
duce the azimuthal anisotropies of the transverse momentum
distributions of observed hadrons. For recent reviews see, for
example, Refs. [2—4]. The values favored by state-of-the-art
calculations are in the vicinity of the conjectured lower limit
for shear viscosity, ny/s = 1/(4m), based on the anti—de
Sitter/conformal field theory (AdS/CFT) correspondence [5].
For example, the values found in Ref. [6] are n,/s = 0.12
for collisions at the Relativistic Heavy-Ion Collider (RHIC) at
Brookhaven National Laboratory and n,/s = 0.2 at the Large
Hadron Collider (LHC) at CERN.

The values quoted above were obtained by using a constant
ns/s ratio during the entire evolution of the system. For a
physical system 7, /s depends at least on temperature [7] and
on baryon density [8]. A constant value of 7,/s represents
only an effective average over the entire space-time evolution
of the system. The slightly larger effective 7, /s obtained for
collisions at the LHC, i.e., at larger collision energy, thus may
be interpreted as an indication of the temperature dependence
of ns/s [9,10]. Unfortunately, extracting the temperature
dependence of 1, /s from the experimental data is a challenging
problem.

In our previous works [11-13], we have studied the
consequences of relaxing the assumption of a constant n;,/s.
We found that the relevant temperature region where the

'In this work 5, denotes the coefficient of shear viscosity, 1, the
pseudorapidity, and n the space-time rapidity.

0556-2813/2014/90(4)/044904(21)

044904-1

PACS number(s): 25.75.Ld, 12.38.Mh, 24.10.Nz

shear viscosity affects the elliptic flow most varies with the
collision energy. At the RHIC the most relevant region is
around and below the QCD transition temperature, while for
higher collision energies the temperature region above the
transition becomes more and more important. To constrain
the temperature dependence of 15,/s better, it would thus
be necessary to find observables which are sensitive to the
shear viscosity at different stages of the evolution of a single
collision.

In this work we relax the assumption of boost invariance of
our earlier works, solve the evolution equations numerically
in all three dimensions, and study whether the azimuthal
anisotropies have similar dependence on (1,/s)(T) at all
rapidities. If not, the measurements of v, at backward and
forward rapidities could bring further constraints to (n,/s)(T).

We also approach the problem of extracting the temper-
ature dependence of 7,/s in a fashion similar to that of
Ref. [9]: We tune different parametrizations to reproduce
the anisotropies at one collision energy and centrality and
check whether anisotropies at different centralities, rapidi-
ties, and collision energies can distinguish between these
parametrizations.

Furthermore, we check the sensitivity of our results to
different decoupling criteria. To this end we carry out the
calculations using a dynamical freeze-out criterion, i.e., freeze-
out at constant Knudsen number [14-16], and compare the
results to those obtained using the conventional freeze-out at
constant temperature.

In the following we describe the structure and freeze-out
in our (3+1)-dimensional dissipative fluid-dynamical model
in Sec. II and the parameters in our calculations in Sec. III.
Section IV contains the comparison of our results with
experimental data, while in Secs. V and VI we discuss
whether it is possible to distinguish the details of different
parametrizations of (n;/s)(T), as well as the effects of a
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dynamical freeze-out criterion. We summarize our results in
Sec. VIL

Specific details of the fluid-dynamical equations are rele-
gated to Appendix A. The numerical algorithm and details of
our implementation and the numerical accuracy of our code
are discussed in Appendices B, and C, respectively.

In this work we use natural units h =c =k = 1.

II. FLUID DYNAMICS
A. Equations of motion

Relativistic fluid dynamics corresponds to the local
conservation of energy-momentum and net-charge currents
(if any),

8,T" =0, 9,N! =0, (M

where 7" is the energy-momentum tensor and N/ are the
net-charge four-currents.

These macroscopic fields can be decomposed with respect
to the fluid flow velocity defined by Landau and Lifshitz [17],
ut = TH*u, /e, as

T" = eutu’ — PA* + 7", 2)
N = nut + V", 3)

where ¢ = T"u,u, and n; = N/'u, are the energy and
net-charge densities in the local rest frame, respectively,
P = —T"A,,/3 is the isotropic pressure, and V" = N*A#
are the charge diffusion currents. The shear-stress tensor,
TH = T s the traceless and orthogonal part of the energy-
momentum tensor. With the (+,—,—,—) convention for the
metric tensor g"*¥, the projection tensor is A*Y = gtV — utu".
The angular brackets () denote an operator leading to the
symmetric, traceless, and orthogonal to the flow velocity part
of atensor: TU) = [J(ALAY + AFAY) — FAM Ag] T,

Landau’s matching condition allows one to associate
the rest-frame densities with their equilibrium values, e =
eo(T,{w;}) and n; = n; o(T,{p;}). The difference between the
isotropic and equilibrium pressures defines the so-called bulk
viscosity, [T = P — Py.

Equations (2) and (3) can be closed by providing an equa-
tion of state (EoS), together with the equations determining
the evolution of dissipative quantities 7#¥, I1, and V;M~ These
quantities represent the dissipative forces in the system as
well as deviations from the local thermal equilibrium. In the
Navier-Stokes approximation they are linearly proportional to
the gradients of velocity and temperature, with proportionality
coefficients for shear viscosity ny(7T,{u;}), bulk viscosity
¢(T {u;}), and charge diffusion «;(T,{w;}) quantifying the
transport properties of the matter.

It is well known that the bulk viscosity coefficient of a
relativistic gas is about three orders of magnitude smaller
than its shear viscosity coefficient, and it vanishes in the
ultrarelativistic limit [18]. However, it is still important for
relativistic systems around phase transitions; therefore, even
if the bulk viscosity is negligible in the QGP-phase, it may be
large near and below the phase transition [19]. A large bulk
viscosity at those stages may or may not have a significant
effect on the observables [20-25]. Since disentangling the
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effects of shear and bulk on the observed spectra is difficult,
and beyond the scope of this work, we adopt the approach
of Ref. [21]. We assume that bulk viscosity is large only in
the vicinity of the QCD phase transition but due to the critical
slowing down its effect is so small that it can be safely ignored.

At midrapidity the matter formed in ultrarelativistic colli-
sions at the RHIC and at the LHC is to a good approximation
net-baryon free, and thus in boost-invariant calculations it
has been an excellent approximation to neglect all con-
served charges. Since in this study we want to investigate
the backward and forward rapidity regions of the system
where net-baryon density is finite, in principle we should
include the net-baryon current and baryon charge diffusion
in the description of the system. However, the baryon charge
diffusionin a QGP as well as in a hadron gas is largely unknown
at the moment. Also, at low values of net-baryon density where
the lattice QCD results [26,27] can be used, the effect of the
finite density on the EoS is small [28]. Therefore, to simplify
the description of the system, and to allow us to concentrate
solely on the effects of shear viscosity on the spectra, we ignore
the finite baryon charge in the fluid as well. Thus we are left
with the shear-stress tensor 7#¥ as the only dissipative quantity
in the system.

In so-called second-order or causal fluid-dynamical theories
by Miiller and by Israel and Stewart [29-31], the dissipative
quantities fulfill certain coupled relaxation equations. Here
we recall the relaxation equation for the shear-stress tensor
obtained from the relativistic Boltzmann equation [32-34],

T D™ = 2,0 — "’ — 1 (w*u’ 4+ " u*)Dus;,

— SO — rmrr;“a vk
+ 20 0 gy, “4)

Here 1, is the shear-stress relaxation time, D"’ = u®ml,’
denotes the time derivative, 6 is the expansion rate, c*" is the
shear tensor, and w"” is the vorticity. The other coefficients can
be calculated self-consistently from microscopic theory and,
for example, in case of an ultrarelativistic massless Boltzmann
gas we obtain, in the 14-moment approximation, 7, = %Amfp,
8an = @4/3) T2, Trx = (10/7) v, while ¢7 =(9/70) /P,
where 1,7, is the mean free path between collisions. For
QCD these coefficients are mostly unknown; however, for
high-temperature QCD matter the coefficients given above
may be acceptable as a first approximation.

For the sake of simplicity we ignore the last two terms
in Eq. (4). This is justified since the relative contribution of
the ¢ coefficient was shown to be negligible compared to
the others [34]. Similarly, we have observed that the term
proportional to the vorticity has little effect on the overall
evolution of the system and is thus omitted from the final
calculations shown here.

B. The freeze-out stage

During the fluid-dynamical evolution the system cools and
dilutes due to the expansion, and consequently the microscopic
rescattering rate of particles, I' ~ no =~ )\;}p, decreases, until
the rescatterings cease and particles stream freely toward
detectors. The transition from an (almost) equilibrated fluid
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to free-streaming particles is a gradual process, but since
implementing such a gradual process into a fluid-dynamical
description is very complicated [35,36], it is usually assumed
to take place on an infinitesimally thin space-time layer, on
the so-called freeze-out surface. Therefore the total number of
particles crossing the surface ¥, with a normal vector d>%,,
pointing outward, leads to the following invariant distribution
of particles emitted from the fluid, known as the Cooper-Frye
formula [37]:

d°N

En = P, (x) p* f(x,p), ®)

where p* = (E,p) denotes the four-momentum, while f (x, p)
is the phase-space distribution function of particles on the
surface.

To apply the Cooper-Frye formula, we need an appropriate
criterion for choosing the surface X. Since scattering rates
strongly depend on temperature, the usual approach is to
assume the freeze-out to take place on a surface of constant
temperature or energy density. However, it has been argued
that it would be more physical to assume that the freeze-out
happens when the average scattering rate is roughly equal to
the expansion rate of the system [38].

This latter, so-called dynamical freeze-out, criterion can
be expressed in terms of the Knudsen number, Kn, which is
the ratio of a characteristic microscopic time or length scale,
such as A,,r,, and a characteristic macroscopic scale of the
fluid, such as the inverse of the local gradients, L~ ~ 9,,.
In terms of the Knudsen number the dynamical freeze-out
criterion is Kn & 1, which has occasionally been used in ideal
fluid calculations [15,16,39,40], but for viscous fluids it is more
appropriate to use the relaxation times of dissipative quantities
as the microscopic scale, since they appear naturally in the
evolution equations for dissipative quantities [32].

In most of our calculations we use the conventional
constant-temperature freeze-out, but to evaluate how sensitive
our results are to the particular freeze-out criterion, and to the
freeze-out description in general, we also do the calculations
assuming freeze-out at constant Knudsen number. We take the
relaxation time of shear stress, 7., as the microscopic scale
and the inverse of the expansion rate of the system, 0!, asthe
macroscopic scale. Thus we get a local Knudsen number of

Kn = 7,.6. ©6)

Since the Knudsen number can be evaluated in many different
ways [14], we do not insist on freeze-out at Kn = 1, but we
treat the freeze-out Knudsen number as a free parameter cho-
sen to reproduce rapidity and pr distributions of experimental
data. To avoid pathologies encountered in Refs. [14,15], we
also require that the dynamical freeze-out takes place below a
temperature of 7 = 180 MeV and above T = 80 MeV.

To evaluate the distributions on the freeze-out surface, we
assume that the distribution of particles for each species i,
i.e., fi(x,p), is given by the well-known Grad’s 14-moment
ansatz, which includes corrections §f; (shear viscosity only)
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to the local equilibrium distribution function as

P! pi T }

fix.p) = foi+8fi = fu [1 +AF )T 4 )

)

where fo; is the local equilibrium distribution function,

8i Pity = i B
fOl (x’p)_ (27_[)3 [exp< T ) + 1i| ’ (8)
and fo; = (27) fo; /gi. We also include the contribution from
all strong and electromagnetic two- and three-particle decays
of the hadronic resonances up to a mass of 2 GeV to the final
particle distributions.
The flow anisotropies are defined from a Fourier decompo-
sition of the particle spectra as

(1 ~|—22vn cosn(¢p — \Ifn)> ,
n=1

)
where y, = 3 In[(p° + p?)/(p® — p?)] is the rapidity of the
particle, pr =+ p; + p; is its transverse momenta, and W,
is the event plane for coefficient v,. The Fourier coefficients
v, = v,(pr,y)p) are the differential flow components. In this

work the differential and integrated v, are calculated by using
the event-plane method.

d°N _ d°N
d*p  2mprdprdy,

III. PARAMETERS

We mostly implement the parametrization used in
Refs. [11,13], but we retune the parameter values and gen-
eralize it for a (341)-dimensional non-boost-invariant case.

A. Equation of state

For the EoS we use the s95p-PCE-vl parametrization
of lattice QCD results at zero net-baryon density [41]. The
high-temperature part of the EoS is given by the hotQCD
Collaboration [42,43] and it is smoothly connected to the low-
temperature part described as a hadron resonance gas, where
resonances up to a mass of 2 GeV are included. The hadronic
part includes a chemical freeze-out at Tipey = 150 MeV
where all stable particle ratios are fixed [44—46]. Since the
construction of the EoS assumes that the entropy per particle is
conserved after chemical freeze-out, the small (approximately
1%) entropy increase during the viscous hydrodynamical
evolution below Tihenm leads to a small increase in particle
yields too.

B. Transport coefficients

As in our earlier works [11-13], we use four different
parametrizations of the temperature-dependent shear viscosity
over entropy ratio (see Fig. 1):

(1) LH-LQ, in which (,/s)(T) = 0.08 for all tempera-
tures;

(2) LH-HQ, in which (n;/s)(T) = 0.08 for the hadronic
phase, while above Ti. the viscosity to entropy ratio
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FIG. 1. (Color online) Different parametrizations of n,/s as a
function of temperature. The LH-LQ line has been shifted downward
and the HH-HQ upward for better visibility.

increases according to

T
(ns/s)(T)qap = —0.289 4 0.288 —

tr

T 2
+0.0818 (T—) : (10)

tr

(3) HH-LQ, in which, in the hadronic phase below T,

T
(Ms/s)(T)urg = 0.681 — 0.0594 —

tr

T7\2
—0.544 | — 11
(7). v

while in the QGP-phase (1,/s)(T) = 0.08; and

(4) HH-HQ, in which we wuse (ny/s)(T)grc and
(ns/s)(T)qgp for the hadronic and QGP phases, re-
spectively.

Unless stated otherwise, the value of 7, /s at the transition
temperature, T, = 180MeV, is (1,/s)(Ty) = 0.08. This is
a close approximation to the lower bound conjectured in
the framework of the AdS/CFT correspondence [5]. For all
parametrizations the relaxation time for the shear-stress tensor
is
Ns

Ty =15 .
e+ p

12)

For the sake of comparison, we also do the calculations using
zero shear viscosity, i.e., for an ideal fluid.

C. The initial state

In this work we ignore the effects of event-by-event
fluctuations [47,48], and we generalize a simple optical
Glauber model [49] for a non-boost-invariant initial state.
In different variants of the Glauber model the initial energy
density in the transverse plane at midrapidity and at initial
time Ty is given as a function of the density of binary collisions,
npc(x,y,b), wounded nucleons, nwn(x,y,b), or both:

er (T()’x’y,b) = CE(T()) f (nBC’nWN) 5 (13)
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where the normalization constant C,(1) is selected to repro-
duce the multiplicity measured in central collisions, and b is
the impact parameter of the collision. In the following we use
our BCfit parametrization [11,13], where the energy density
depends solely on the number of binary collisions:

fac(npc,nwn) = npc + cinge + canpe, (14)

and the coefficients ¢; and ¢, are chosen to reproduce the
observed centrality dependence of multiplicity.

In the optical Glauber model, the density of binary
collisions on the transverse plane is calculated from

npc(x,y,b) = onnTa (x +b/2,y) Tp (x — b/2,y), (15)

where ony 1s the total nucleon-nucleon inelastic cross section,
and T, is the nuclear thickness function. As a cross section
we use oy = 42 mb at the RHIC [49,50] and oy = 64 mb
at the LHC [51]. As usual, we define the thickness function as

Ta (x.y) =/ dz pa (x,9,2), (16)

o0
where p,4 is the Woods-Saxon nuclear density distribution,

£0
L+exp[(r — Ry) /d]’

and pyp=0.17 fm™> is the ground-state nuclear density
and d = 0.54 fm is the surface thickness. The nuclear radii
R4 are calculated from R4 = 1.12A'/3 —0.86/A'/3, which
gives Ry, ~ 6.37 fm and Rpp ~ 6.49 fm (A4, = 197 and
App = 208).

Unfortunately, there are very few theoretical constraints
for the longitudinal structure of the initial state, since even
the most sophisticated approaches to calculate the initial state
from basic principles [52,53] are restricted to midrapidity. Here
we follow the simple approaches shown in Refs. [54-56],
and in a similar fashion we assume longitudinal scaling
flow, v, = z/t, i.e., v, =0, and a constant energy density
distribution around midrapidity [57], followed by exponential
tails in both backward and forward directions. We parametrize
the longitudinal energy density distribution as

(Inl — no)”
er (n) = exp (—2cn\/1+”2€—0’7£®(|n|—n0)+2c,, ,

n~“n

pa(r) = a7

(18)

where n = % In[(r + z)/(t — z)]is the space-time rapidity, and
®(x) is the Heaviside step function. Thus the normalized
energy density distribution is

e(TO,L)’JI,b):eT (T()»x?ysb)eL (77) (19)

We are aware that there are more sophisticated approaches
in the literature [22,58-60], but since attempts to create
more plausible longitudinal structures easily lead to a rapidity
distribution of v, which strongly deviates from the observed
one [54], we leave the detailed study of the longitudinal
structures for a later work.

Due to entropy production in dissipative fluids, the different
parametrizations of n,/s lead to different entropy production
and therefore different final multiplicity of hadrons. Because
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most of the entropy is produced during the early stages of the
expansion when the longitudinal gradients are largest [61], it
is sufficient to adjust initial densities according to the entropy
produced in the partonic phase. Further entropy production
during the hadronic evolution turns out to represent only
a small contribution in the final multiplicities and it is not
corrected in our calculations.

At the RHIC, we used the following maximum energy
densities, eg = e(19,0,0,0):

(i) for an ideal fluid, ey = 17.0 GeV /fm?,
(ii) for LH-LQ and HH-LQ, ¢y = 15.8 GeV/fm?, and
(iii) for LH-HQ and HH-HQ, ¢y = 14.9 GeV /fm?,

while at the LHC

(iv) for an ideal fluid, eg = 57.5 GeV/ fm?,
(v) for LH-LQ and HH-LQ, ¢y = 54.5 GeV /fm>, and
(vi) for LH-HQ and HH-HQ, ¢y = 49.5 GeV /fm°.

Note that these values are smaller than the ones given in
Refs. [11,13]. The main reason for this is that we used different
data to fit the centrality dependence, and we chose to fit the
multiplicity as a function of centrality class, not as a function of
number of participants, as was done in Refs. [11,13]. This leads
to different values of ¢; and ¢, parameters, and, consequently,
the maximum density in a head-on collision (which practically
never happens) is different even if the energy density at
midrapidity at impact parameters b > 2 fm is almost identical.

The parameters controlling the centrality dependence,
ci and ¢, in Eq. (14), are ¢, = —0.035 fm™? and ¢, =
0.00034 fm™~* at the RHIC and ¢; = —0.02 fm™* and ¢, =
0.000175 fm~* at the LHC. The parameters in Eq. (18) defining
the longitudinal structure are ¢, = 4 at the RHIC and ¢, = 2
at the LHC, while 9 = 2.0 for the constant-rapidity plateau
for both. The width of the rapidity distribution is o, = 1.0
at the RHIC and o, = 1.8 at the LHC. The average impact
parameters in each centrality class are given in Table 1.

If not stated otherwise the fluid-dynamical evolution is
started at tp = 1 fm/c proper time. The initial values for the
transverse fluid velocity and shear-stress tensor are always set
to zero. The value of the decoupling temperature or Knudsen
number is indicated in the figures.

To obtain the final particle distributions we use the
framework described in Ref. [62]. Thus we sample particle
distributions to create “events” even if we are not doing
event-by-event calculations, but we use conventional averaged
initial states. The particle spectra and other measurables at

TABLEI The average impact parameter b in each centrality class
at the RHIC and the LHC.

Centrality (%) RHIC b (fm) LHC b (fm)
0-5 2.24 2.32
5-10 4.09 4.24
10-20 5.78 5.99
20-30 7.49 7.76
30-40 8.87 9.19
40-50 10.06 10.43
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the RHIC are obtained as an average over N,, = 100000
events, where the sampling is done over pr = (0,5.4) GeV
and n¢, = (—6.6,6.6) with N, = 36 and N,, = 22 bins. At
the LHC the particle multiplicity is ~ 2.5 times larger than at
the RHIC; hence we average over N,, = 40000 events.

IV. RESULTS AND COMPARISONS TO DATA
A. Au + Au at ./syy = 200 GeV at the RHIC

We fix the parameters characterizing the initial state,
Egs. (13), (14), and (18), by comparison to the PHOBOS
charged particle pseudorapidity distribution, d Ne,/dnen, at
various centralities [63]. We present our results in Fig. 2, where
the calculations are shown for 0%—5% centrality and for the
average of 10%-20% and 20%-30% as well as 30%—40%
and 40%-50% centralities. This is in order to facilitate a
comparison to the data taken at 0%—6%, 15%-25%, and
35%—45% centralities. As required, the final multiplicity and
pseudorapidity distribution are well reproduced at all cen-
tralities for all parametrizations of the temperature-dependent
shear viscosity to entropy density ratio. Here we once again
stress the importance of fixing the initial energy density to
compensate for the entropy production for different /s
parametrizations. Otherwise, for fixed initial densities, the
larger the effective viscosity, the larger the entropy production
and thus the final multiplicity.

The kinetic freeze-out temperature, Ty, affects the charged
particle pseudorapidity distribution very weakly. We have
chosen Ty, = 100 MeV by comparison to the pion, kaon,
and proton p7 spectra measured by the PHENIX Collabo-
ration [64], and we checked that, if we use Ty = 140 MeV,
the pseudorapidity distributions are still within error bars and

[ T‘d' T |' T T T T T 1 T T T T T ]
L ldea — -6 © ]
o 0-6 % ]
FLH-HQ 1
[ HH-LQ  --- 1
[ HH-HQ - , ]
600 [ PHOBOS — Jf ]
500 F .
5 ]
S 400 | .
5 Z ]
pzd t ]
© L 4
300 |- b
200 |- 35-45 % ]
100 [ i' 'i ]
: '3 T 4o = 100 MeV AR
i RHIC 200 AGeV
0 | P s IR S| ) R I i R

Ly ]
-7 6 5-4-3-2-101 2 3 456 7
Neh

FIG. 2. (Color online) The charged particle pseudorapidity dis-
tribution dN.,/dne,. Experimental data are from the PHOBOS
Collaboration [63].
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FIG. 3. (Color online) Transverse momentum spectra of positive
pions at the RHIC. Experimental data are from the PHENIX
Collaboration [64].

that the change is on the same level as the differences due to
different viscosities shown in Fig. 2. Such a weak dependence
is not surprising: It is well known that, in a chemically
frozen system, pion py distributions are weakly sensitive to the
kinetic freeze-out temperature [65]. We now observe similar
behavior in the longitudinal direction.

dN/dydp? [1/GeV?]

F Tgee = 100 MeV J
10 £ RHIC 200 AGeV 5
1 1

0 0.5 1 15
pr [GeV]

FIG. 4. (Color online) Transverse momentum spectra of positive
kaons at the RHIC. Experimental data are from the PHENIX
Collaboration [64].
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FIG. 5. (Color online) Transverse momentum spectra of protons
at the RHIC. Experimental data for protons (upper) and antiprotons
(lower) are from the PHENIX Collaboration [64].

In Figs. 3, 4, and 5 we present the pr spectra of positive pi-
ons, kaons, and protons, respectively, corresponding to central-
ity classes, 0%—5%, 10%—20%(x107"), 20%-30%(x1072),
30%—40%(x 1073), and 40%—-50%(x 10~*). Here the multi-
plicative factors are applied (to both theoretical and experi-
mental points) for better visibility. The experimental data are
from the PHENIX Collaboration [64].

As seen before in viscous calculations (e.g., in Ref. [13]),
the slopes of pion spectra are reasonably well reproduced up
to pr =~ 1.5 GeV for semicentral collisions, but the agreement
recedes with increasing impact parameter. The kaon yields
are overpredicted at all centralities, whereas the fit to proton
spectra is slightly better than the fit to kaons. Since we do not
include a finite baryochemical potential in our calculation, we
are consistently overestimating the yields of heavy particles,
which might imply the need for even lower chemical freeze-out
temperature.

The pion spectra become flatter with increasing freeze-out
temperature; hence, for example, for Ty, = 140 MeV the
theoretical calculations are in a better agreement at larger
momenta, but then we overestimate the spectra around pr ~
1 GeV. The slope of the proton spectra become steeper with
increasing freeze-out temperature as well, and thus Ty =
100 MeV provides the best compromise.

As expected, after the initial densities are fixed to reproduce
the yield, the slopes are practically unaffected by the different
ns/s parametrizations, and the corresponding éf; in each case
represents only a small correction compared to the thermal
spectra.

In Figs. 6 and 7 the elliptic flow coefficient v, at various
centralities is shown as a function of transverse momentum
pr and pseudorapidity n,. In Fig. 6 the experimental data
are from the STAR Collaboration [66], whereas in Fig. 7
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FIG. 6. (Color online) Charged hadron wv,(pr) at the RHIC.
Experimental data are from the STAR Collaboration [66].

the average of 0%-5% and 10%-20% and of 10%-20%
and 20%-30% events are compared to the data from
the PHOBOS Collaboration for 3%—-15% and 15%-25%
centrality classes [67] and to the STAR Collaboration data in
the 15%-25% centrality class [68].

As expected, the pr differential elliptic flow coefficient
shows the behavior reported in Refs. [11,13]: At the RHIC
the elliptic flow coefficient is very sensitive to viscosity in
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0.10 FLH-LQ — 15-25 %
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i \""N.i
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FIG. 7. (Color online) Charged hadron v,(n.,) at the RHIC.
Experimental data are from the PHOBOS [67] and STAR [68]
Collaborations.
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FIG. 8. (Color online) Charged hadron wvs(pr) at the RHIC.
Experimental data are from the STAR Collaboration [68].

the hadronic phase but independent of the high-temperature
parametrization of the viscosity. The same observation also
holds for the rapidity-dependent elliptic flow coefficient at
all centrality classes. The dissipative reduction of v, is quite
independent of rapidity, and thus we cannot reproduce the
shape of vy(nch) very well. On the other hand, slightly larger
hadronic viscosity would further reduce v,, and our result
would be very close to the ideal fluid+ UrQMD hybrid
calculation of Ref. [69].

Similarly, the v4(p7) and v4(nen) of charged hadrons in
different centrality classes are compared to the experimental
data from the STAR Collaboration [68] in Figs. 8 and 9. The
vy coefficient, both as a function of transverse momentum and
as a function of pseudorapidity, complies with the previously
made observations about the elliptic flow coefficient. As we
have reported earlier [12,13], v4 is sensitive to viscosity
at even later stages of the evolution than v,, and a large
hadronic viscosity is sufficient to turn v4(p7) negative at quite
low pr. The comparison of Figs. 7 and 9 also shows the
well-known fact that the larger the value of n, the stronger
the viscous suppression of v, [70,71]. Viscosity has only a
weak effect on the shapes of vy(ncn) and v4(nepn), but quite
interestingly the effect on the shapes is different for different
coefficients: Increasing viscosity makes the (approximate)
plateau in v,(nen) narrower but that in v4(#.,) wider.

From Fig. 8 it is apparent that the v4(pr) data favor the
parametrizations with low hadronic viscosity, unlike v>(pr).
However, we have to remember that the experimental data
were obtained by using different methods for v, and vy,
i.e., four-particle cumulant and mixed harmonic event-plane
methods, whereas we use the event-plane method to evaluate
all the harmonics. Another uncertainty is that event-by-event
fluctuations cause a sizable fraction of v4, but they are not
included in our study. Thus we advise against drawing any
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FIG. 9. (Color online) Charged hadron vs(n,) at the RHIC. FIG. 11. (Color online) Transverse momentum spectra of pos-

itive pions at the LHC. Experimental data are from the ALICE

Experimental data are from the STAR Collaboration [68].
Collaboration [73].

conclusions about the favored (n,/s)(T) from this particular

result.
In Fig. 10 the charged particle pseudorapidity distributions

dNch/dney for different centrality bins are compared to the

B. Pb +Pb at ,/sny = 2760 GeV at the LHC experimental data from the ALICE Collaboration [72]. The

As at the RHIC, we use the pseudorapidity distribu-  pseudorapidity distribution of charged particles reasonably

tion of charged particles to fix the initialization and the  matches the data for all centrality classes given in the

pr distributions of identified particles to fix the kinetic freeze- figure. Similarly as for the RHIC we slightly overshoot the
out temperature.
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FIG. 10. (Color online) The charged particle pseudorapidity dis- FIG. 12. (Color online) Transverse momentum spectra of posi-
tribution dN.,/dne at the LHC. Experimental data are from the tive kaons at the LHC. Experimental data are from the ALICE
ALICE Collaboration [72]. Collaboration [73].
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FIG. 13. (Color online) Transverse momentum spectra of pro-
tons at ALICE. Experimental data for protons and antiprotons are
from the ALICE Collaboration [73].

experimental results at the LHC for the most central collisions
while we undershoot for the peripheral ones. Moreover, as
observed before, the pseudorapidity distributions of charged
particles are insensitive to the chosen freeze-out temperature.

In Figs. 11, 12, and 13 we show the pr spectra of
positive pions, positive kaons, and protons corresponding
to centrality classes, with multiplicative factors applied for

T ALICE vy{4} '

4 20-30 %

h* Tyec=100 MeV
L | n | L |

0.00 [ i LI—‘|C 2769 AQeV‘
0 1 2 3 0 1 2 3
pr [GeV] pr [GeV]

FIG. 14. (Color online) Charged hadron wv,(pr) at the LHC.
Experimental data are from the ALICE Collaboration [75].
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FIG. 15. (Color online) Charged hadron v, () at the LHC.

better visibility. The experimental data are from the ALICE
Collaboration [73]. These distributions behave in a way similar
to that of the RHIC results, and they are thus unaffected by the
different n, /s parametrizations. We note that, as in many other
calculations [73,74], the low-pr part of the pion distribution
turned out to be very difficult to reproduce.

In Figs. 14 and 15 the elliptic flow coefficient v, is shown
as functions of transverse momentum and pseudorapidity,
respectively. In both figures the experimental data are from the
ALICE Collaboration [75]. At the LHC viscous suppression
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FIG. 16. (Color online) Charged hadron v,(pr) at the LHC.
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FIG. 17. (Color online) Charged hadron v4(n) at the LHC.

of the elliptic flow is less dominated by the hadronic viscosity
than at the RHIC. In central collisions at midrapidity, both
QGP and hadronic viscosities affect v, equally: Large QGP
viscosity may be compensated with a low hadronic viscosity
and vice versa (compare LH-HQ with HH-LQ for 10%—-20%
and 20%-30% up to pr < 2 GeV or 1, < 2). In peripheral
collisions and at large rapidities, v, loses its sensitivity to
QGP viscosity, and the system behaves like at the RHIC. Thus
measuring v, at large rapidities at the LHC would provide an
additional handle on the temperature dependence of the 7, /s
ratio.

Finally, in Figs. 16 and 17 we present the v4 coefficients
as functions of pr and 5. As discussed in Refs. [12,13],
vy 1S sensitive to viscosity at lower temperatures than is
vy. Therefore the behavior of v, at the LHC is similar to
the behavior of vy and v, at the RHIC: The curves are
grouped according to their hadronic viscosity, and they show
no sensitivity to QGP viscosity. The suppression of v4 at both
the LHC and the RHIC is clearly sensitive to the hadronic
viscosity (compare Fig. 8 with Fig. 16 and Fig. 9 with 17) and
to the minimum value of 7,/s.

V. THE DISTINGUISHABILITY OF THE /s
PARAMETRIZATIONS

In the previous section we described how the sensitivity
of v, and vy to QGP and hadronic shear viscosities depends
on centrality, transverse momentum py, and pseudorapidity
Neh- Now we use this observation to distinguish between dif-
ferent parametrizations of (n,/s)(T). We rescale our existing
parametrizations in such a way that they all lead to almost
identical pr differential v, in central collisions, and we check
whether the calculated v, and vy differ at other centralities and
rapidities. Note that this procedure also tests the sensitivity of
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FIG. 18. (Color online) Parametrizations of (1, /s)(T) rescaled to
lead to similar charged hadron v,(p7) in central collisions at the RHIC
(top) and the LHC (bottom).

the flow coefficients to the minimum value of 7n,/s and not
only to its values above and below the transition temperature.

The new scaled parametrizations are shown in Fig. 18. At
RHIC energies the value of the viscosity to entropy ratio for
LH-LQ and LH-HQ is increased uniformly with An,/s = 0.1
for all temperatures, while the other two parametrizations
remain unchanged. Since the sensitivity to the temperature
dependence of 7,/s is more complicated at the LHC, the
required changes in parametrizations are An,/s = 0.1 for LH-
LQ, An,/s = 0.06 for LH-HQ, and An,/s = 0.04 for HH-LQ.
The increase in 7,/s leads to larger entropy production, and
thus to larger final multiplicities, which we have counteracted
by rescaling the initial densities accordingly.

Note that since the LH-HQ and HH-LQ parametrizations
require different rescalings at the RHIC and the LHC, they
can be distinguished already by comparing v,(pr) in central
collisions at different energies, but LH-LQ and HH-HQ cannot.
Furthermore, we want to check whether it is possible to
distinguish LH-HQ and HH-LQ in collisions at the same
energy by varying the centrality and rapidity.

In Figs. 19, 20, and 21 we present vy(pr), v2(1ch), and
v4(pr) at the RHIC using these new parametrizations. As
required, in central collisions all parametrizations lead to
similar vy(pr)—the differences due to different hadronic
viscosity at very late stages of the evolution are compensated
by the larger viscosity at and after the QCD transition region.
However, when one moves to larger centralities, and thus
to smaller systems, the region where v, is most sensitive
to shear viscosity moves toward lower temperatures, and
the parametrizations with different hadronic viscosities can
be identified (see Fig. 19). The same, although weaker,
phenomenon happens when we move to larger rapidities (see
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FIG. 19. (Color online) Charged hadron wv,(pr) at the RHIC.
Experimental data are from the STAR Collaboration [66].

Fig. 20). Most of the sensitivity comes from the change
in centrality, but, as seen in the 15%-25% centrality class
[Fig. 20(b)], the difference at large rapidities increases faster
than at midrapidity. On the other hand, the vy coefficient
shows larger sensitivity than v,: In central collisions all
parametrizations are equal, but the difference increases with
increasing fraction of cross section faster than for v,. Note that
none of the observables are sensitive to the plasma viscosity,
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FIG. 20. (Color online) Charged hadron v,(n.,) at the RHIC.
Experimental data are from the PHOBOS [67] and STAR [68]
Collaborations.
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FIG. 21. (Color online) Charged hadron vs(pr) at the RHIC.
Experimental data are from the STAR Collaboration [68].

but we have to study the collisions at the LHC to be able to
distinguish, say, HH-LQ and HH-HQ parametrizations.

At the LHC we see slightly different behavior. In central
collisions v,(pr) is again the same for all parametrizations by
construction, but the differences appear slowly and stay modest
when we move toward more peripheral collisions (see Fig. 22).
Again, in more peripheral collisions, the system is most sensi-
tive to viscosity in lower temperatures, and v,(pr) curves are

(LALG+010 — T ALICE vt} — ‘:
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FIG. 22. (Color online) Charged hadron wv,(pr) at the LHC.
Experimental data are from the ALICE Collaboration [75].
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FIG. 23. (Color online) Charged hadron v,(n) at the LHC.

ordered according to hadronic viscosity—the larger viscosity
is at freeze-out, the lower is v2(pr). In Fig. 15 the pseudorapid-
ity distribution of v, showed clear sensitivity to shear viscosity.
In that figure different parametrizations caused different v,
already at midrapidity in central collisions. Now viscosity is
scaled to remove this difference, and the sensitivity of the shape
of vy(nch) to the viscosity is more visible. As one can see from
Fig. 23, larger hadronic viscosity causes v, (nep) to drop slightly
faster with increasing rapidity. The strongest difference is seen
in v4(pr), which s able to distinguish the new parametrizations
at the LHC (see Fig. 24), but its resolving power at the LHC
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FIG. 24. (Color online) Charged hadron v4(pr) at the LHC.
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is weaker than at the RHIC (Fig. 21). Thus we conclude that
differential measurements of the flow anisotropies as function
of transverse momentum, pseudorapidity, and centrality can
provide constraints for the temperature dependence of n;/s,
but the measurements at various energies are essential to
constrain the parametrizations properly.

VI. DYNAMICAL FREEZE-OUT

To test the sensitivity of our results to the freeze-out
criterion and the freeze-out description in general, we redo
some of the calculations using the dynamical freeze-out
criterion [38]. In these calculations we use only our HH-LQ
and HH-HQ parametrizations for the shear viscosity, since the
low value of n,/s in a hadron gas leads to a very slowly
increasing relaxation time and thus to unrealistically low
temperatures, (T) < 80 MeV, on the freeze-out surface when
Kngee ~ 1. Since the Knudsen number can be based on many
quantities [14], and since we do not know when exactly the
hydrodynamical description should break down, we use the
freeze-out Knudsen number as a free parameter chosen to fit
the rapidity and py distributions.

Figures 25 and 26 show the charged particle pseudorapidity
distributions at the RHIC and the LHC, respectively. As
expected, the pseudorapidity distributions are only weakly
dependent on the precise value of Knge., but it turned out
that our choice of Knudsen number and relaxation time lead
to weak sensitivity of the pr distributions to the value of
Knge, too. Nevertheless, we found that decoupling at constant
Knudsen number Kng.. = 0.8 leads to basically the same
rapidity and pr distributions as conventional decoupling at
Tyec = 100 MeV.
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FIG. 25. (Color online) The charged particle pseudorapidity dis-
tribution d Ny, /dn., at the RHIC obtained by using two different
freeze-out criteria. Experimental data are from the PHOBOS Collab-
oration [63].
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FIG. 26. (Color online) The charged particle pseudorapidity dis-
tribution dN.,/dn., at the LHC obtained by using two different
freeze-out criteria. Experimental data are from the ALICE Collab-
oration [72].

The pr differential v, of charged hadrons at the RHIC and
the LHC is shown in Figs. 27 and 28, respectively. Unlike
in Ref. [16], where both p7 distributions and anisotropies de-
pended on the freeze-out criterion, we see that, once the freeze-
out parameters are fixed to produce similar pr distributions,
the anisotropies become very similar. This is especially clear
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FIG. 27. (Color online) Charged hadron v,(pr) at the RHIC
obtained by using two different freeze-out criteria. Experimental data
are from the STAR Collaboration [66].
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FIG. 28. (Color online) Charged hadron wv,(pr) at the LHC
obtained by using two different freeze-out criteria. Experimental data
are from the ALICE Collaboration [75].

at the LHC. Below p7 ~ 2 GeV both criteria lead to identical
v2(pr), and the difference seen in the plots is due to the shear
viscosity parametrization. At the RHIC both parametrizations
lead to identical vo(pr), and a weak sensitivity to the freeze-
out criterion appears around pr ~ 1 GeV. However, this
sensitivity is too weak to be significant.
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FIG. 29. (Color online) Charged hadron v,(n.,) at the RHIC
obtained by using two different freeze-out criteria. Experimental data
are from the STAR Collaboration [66].
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FIG. 30. (Color online) Charged hadron v,(7.,) at the LHC ob-
tained by using two different freeze-out criteria. Experimental data
are from the ALICE Collaboration [75].

As a function of pseudorapidity v, shows more sensitivity
to the freeze-out criterion (see Figs. 29 and 30). At both
the RHIC and the LHC v,(#.,) drops faster with increasing
rapidity, when the dynamical freeze-out criterion is used.
Also, with both freeze-out criteria the sensitivity to plasma
viscosity disappears at large rapidities even at the LHC. This
is again a manifestation of previously seen behavior: At large
rapidities at the LHC, the system behaves like the system at the
RHIC.

The rather weak dependence of anisotropies on the de-
coupling criterion means that at midrapidity fluid dynamical
results are surprisingly robust against variations in the de-
coupling procedure. As well, this gives a reason to expect
that the hybrid model results are sensitive only to the value
of the switching criterion from fluid to cascade, not to the
criterion itself. Since the fluid-dynamical results concerning
the viscosity of the QGP are based on the analysis of
anisotropies at midrapidity, this means that those results are not
compromised by the freeze-out criterion. On the other hand,
the sensitivity to the freeze-out description at high rapidities
indicates that at lower collision energies the fluid-dynamical
results may be sensitive to the freeze-out criterion even
at midrapidity. Thus one has to pay extra attention to the
freeze-out description of the collisions at /sy = 3-9 GeV
in the future Facility for Antiproton and Ion Research (FAIR)
and Nuclotron-based Ion Collider Facility (NICA).

VII. CONCLUSIONS

We have studied the effects of temperature-dependent
ns/s on the azimuthal anisotropies of hadron transverse
momentum spectra using genuinely (341)-dimensional vis-
cous hydrodynamics. We have extended our previous
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studies [11,13] to backward and forward rapidities and
explored the resolving power of differential measurements of
vy and vy to distinguish between different parametrizations
of (ns/s)(T).

In close to central collisions at the LHC energy, /sxy =
2.76 TeV, viscous suppression of elliptic flow at midrapidity
is affected by both hadronic and QGP viscosities, but when
one moves toward backward and forward rapidities, hadronic
viscosity becomes more and more dominant—the system
becomes effectively smaller and begins to behave like in
collisions at the RHIC, ,/snny = 200 GeV. Therefore, with
large hadronic viscosity, v, tends to drop slightly faster with
increasing rapidity, the effect being stronger in peripheral
collisions. At both energies and at all rapidities v4 is mostly
suppressed by hadronic viscosity, but if we simultaneously
change the minimum value of 7,/s, hadronic, and QGP
viscosities, it is difficult to predict which coefficient at which
collision energy is most sensitive to the changes. Nevertheless,
the differential measurements of v,, as functions of transverse
momentum, rapidity, centrality, and collision energy provide
a way to distinguish different parametrizations of (n;/s)(T)
and thus constrain the temperature dependence of the n,/s
ratio.

We also studied how sensitive our results are to the freeze-
out criterion, and we found that, once the freeze-out parameters
are fixed to reproduce py distributions, both decoupling at
constant temperature and at constant Knudsen number lead
to very similar anisotropies at midrapidity. Toward the large
rapidities, v, tends to drop faster with the dynamical freeze-
out criterion. This indicates that uncertainties in the decou-
pling description do not affect the present fluid-dynamical
results regarding the anisotropies, but at lower collision
energies the results may be more sensitive to the freeze-out
criterion.
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APPENDIX A: EQUATIONS IN 3+1 DIMENSIONS

In the following, the components of four-vectors and tensors
of rank-2 in four-dimensional space-time are denoted by
Greek indices that take values from 0 to 3 while Roman
indices range from 1 to 3. If not stated otherwise the Einstein
summation convention for both Greek and Roman indices is
implied.
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First we recall the definitions of the covariant derivative of

contravariant four-vectors and tensors of rank-2:

(AD)

(A2)

Al = 0,A" + T AP,
ALY = 0, AN + T AP + Ty AMP,

where F(’;ﬂ = Fga = %g“”(aﬂgav + 9x8us — 0v8ap) denotes
the Christoffel symbol of the second kind and 9, = 9/9x“
denotes the four-derivative. For scalar quantities the covari-
ant derivative reduces to the ordinary four-derivative, i.e.,
(A"A)a = Ba(AFA,).

Applying the definition of the transverse projection operator
AW = gV — ytu¥ we can decompose the covariant derivative
as the sum of the covariant time derivative D and spatial
gradient V,,

DAM -t = P A (A3)

Vo AR = AP AL (A4)
hence Al """ = u, DAMH 4 Y, AW Fa while for later use
we also introduce the comoving or convective time derivative

dAM He — uﬁaﬂAM---an' (A5)

In the following, we summarize the equations of relativistic
dissipative fluid dynamics in hyperbolic coordinates [i.e.,
(t,x,y,n) coordinates] [57], where 7 = t* — 722712 is the
longitudinal proper time and n = 1/2In[(r + 2)/(t — 2)] is
the space-time rapidity. The proper metric tensors are gh” =
diag(l,—l,—l,—r’z) and g, = diag(l,—l,—l,—rz). Thus
the only nonvanishing Christoffel symbols are I'! =T'7, =
77! and Ffm =1, and the gradient is 9, = (9;,0x,0y,0,)
while o* = g"v0, = (a,,—ax,—ay,—r%an). The inverse
transformations to Minkowski coordinates with g}, =
n* = diag(l,—1,—1,—1) are t = T coshn and z = t sinh 7.
Note that the hyperbolic coordinates are similar to the
Milne coordinates that are spherically symmetric, i.e., r =
VX2 + y? +z2 = tsinhy.

The contravariant flow velocity is

ut = y(l’v,nvyavn); (A6)

hence the covariant flow velocity is u, = g,u’ =
y(l,—vx,—vy,—tzv,,), where the normalization condition
utu, =1 leads to y = (1 — v — vf — t20;)7"/* as well as
to uluy, = uyuty, =0.

The energy-momentum conservation equation in general
coordinates is

1
T = AT+ T =0
where g = —det(g,,,) is the negative determinant of the metric
tensor, which in hyperbolic coordinates leads to g = 72.
Henceforth the energy conservation equation leads to

(A7)

0. T™ + 0 (e T™) + 0y (0y T™) + 0,y (0, TTY)

=—0; (P —v " +7™) =3, (vyP —v,wT +77)

1
—3, (v, P — v, @+ ) — —(T™" + 2T, (A8)
T
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while the momentum-conservation equation leads to
:T™ + 0, (0 T™) + 3y (v, T™) + 9, (v, T™)

= =0, (P — v, ™ 4+ 1%) — 3, (vt + )

1
—y(—vym™ + ') — =T, (A9)
‘ T
ar TTy 4+ 8X(UxTTy) —+ 8},(UyTT)’) + 8n(vnTt)')
= = (=™ + 7)) — 9y (P — vy 4+ 77)
U T
_an(_vnnTY+7Tyﬂ)_ _T'L'y’ (AIO)
T
O T™" + (e T™) + 3y (v, T™") + 8, (v, T™")
= —0u(—vt + ") — 0y (v, 4 )
P 3
_8,7 <_2 _ v,,n"" +7Trm> 2 (A11)
T T

The corresponding tensor components are defined according
to the general definition of the energy-momentum tensor
(Eq. 2)]:

T =(e+P)y>—g""P+na", (A12)
T% = (e+ P)y?v; — g" P +n™,

=u T+ PE v —g) —unT +7",  (Al3)
TV = (e + P)yzvivj — PgV 4+ 7,

=uTY + P(gYv; — gy —vn™ +7.  (Ald)

A simplified but mathematically equivalent way of writing
the equations of motion can be obtained by introducing scaled
variables that absorb the ,/g factor [76],

7w =T, (A15)

hence we are led to the following t-scaled equations:

3, T™ = —tT™, (A16)

~ el = 2 T
8;1Tx“ =0, 8uTy” =0, B;LTW}' =—-T". (Al7)
T

For example, in special test cases with no transverse pres-
sure and vanishing dissipation we can solve the energy-
conservation equation exactly. We found that by solving the
scaled equations we can achieve approximately Os numerical
precision, which is in comparison about two orders of
magnitude more accurate than the numerical solution of the
nonscaled equations of motion using the same time step. Note
that the t scaling from Eq. (A15) also affects the relaxation
equations for the shear-stress tensor. Therefore the scaled
quantities 7/ = to " resultin d7"¥ — A*V /T = Tdw V.
For a better understanding of what will follow, we introduce
the notation u* = y(1,V;) for the contravariant flow velocity
from Eq. (A6). Similarly, the covariant component is denoted
asu, =y(1,—y,);thus v’ = ¥,v, = v} +v; + t’v; and y =
In our case of interest, g** = 1, and the metric of space-time
is diagonal, leading to g% =0; thus we can introduce a
simplified notation which mimics the ideal fluid relations, E =
T —a" =Ty — 7y, Mi =T — 7%, and M, = T;; —
Tri = gar gﬂ,-(T"‘ﬂ — ob). Using this notation we obtain the
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local rest frame energy density from Eqs. (A12) and (A13):

e=T" —a" —(T" —n")y, =E — My;,, (AlS)

while the expression for the velocity components from
Eq. (A13) leads to

Tri_n,ri Mi
T —g "+ P E+P

vV, =

(A19)
Now, similarly expressing the v, components we define the
magnitude of the three-velocity as
M

VEVIY =

where M = (M;M,)!/? = \/1\71)% + M2 4 t2M?. Using the lat-
ter two equations together we obtain

(A20)

7 = oM A21
Vi=v TR (A21)
Therefore, with the help of Eq. (A18), Eq. (A20) can be solved
by using a one-dimensional root search, whereas Eq. (A21)
yields the individual velocity components.

In general, we can reduce the number of unknowns in
the relaxation equations (4) by applying the orthogonality
and tracelessness conditions of the shear-stress tensor. For
example, by choosing #**, 7, 7, #7*", and 7" as
independent components, the other four components of the
shear-stress tensor follow from the orthogonality 7#"u, = 0:

7t =a"u + 7V, + rzn”’vn, (A22)
™ =a%v, + 7V, + rznx”v,], (A23)
7 =V, + 17y + P, (A24)
" =g, + 77, + rzn"”vn, (A25)

whereas the last unknown component is available from the
tracelessness condition 7+" g, = 0:

" =127 — 7% — V)

=777 (vf — 1) + 7 (0] — 1) + 27 v,
+ 202 v, + 7 vywy)] /(1 — T707). (A26)

Note that solving the above algebraic equations to obtain the
remaining five components, instead of explicitly propagating
all ten components of the shear-stress tensor, we introduce
a small numerical error compared to the latter method. This
is because the velocities entering into Eqs. (A22)—(A26) are
given from the previous (half) time step, so we obtain different
values with different methods. However, this difference usually
becomes smaller as the number of time steps increases; hence
this small numerical error is acceptable especially if the
runtime is also reduced considerably.

For sake of completeness we write out all terms from
the shear-stress relaxation equations explicitly. The relaxation
equations for the chosen five independent components of the
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shear-stress tensor 7%, w7, x*7, w*", and 7" are

Todn™ = 2n,0™ — 7™ — [, (A27)
Tedm? = 29,07 — Y — I, (A28)
Todn™ = 2n,0™ — 7 — I, (A29)

Tpdn™ = 200" — T — tnz(nx” +o,m™) — I,
T
(A30)

: 4
Tdn?" = 2n,07" — g7 — r,,?(ny” + v, ™) = I,

(A31)
Here according to Eq. (4) we denoted
M = 1Y + 8,2 I — o I + 1o 1) — @712, (A32)
where
1" = (7**u’ + 7*'u")Duy, (A33)
I =oxh, (A34)
LY = 7o, + 7", (A35)
I = %g,\,((n’“‘a‘“\ + oy — %A””ng‘af, (A36)
I = g n" — A gnl. (A37)

The I, terms are
I =2yv(w™ Du, + 7" Du, + n”* Duy, + ™ Duy),
(A38)
1" = 2yv(n™ Du, + 7 Du, + 7*” Duy, + 7" Du,),
(A39)
17 = yl(r™ vy + 7™ v) Du; + (7 vy + 770,) Du,
+(@ vy + 7Y 0)Duy + (7" vy + 77 v ) Duyl,
(A40)
I = yl(x™v, + 77"0,) Du, + (7 v,; + 7°"v,) Du,
+(@ v, + ") Duy + (v, + ", ) Duyl,
(A41)
L" = y[(x™ v, + 7""vy)Du, + (v, + 7"v,) Du,
+(@ v, + 77"v,)Duy + (" v, + 7"vy) Duy],
(A42)
where according to Eqs. (A3) and (AS) the proper time

derivatives are given by Du,, = du, — I‘ﬁau"‘u s and hence

Du, = Du" = y[dry + vdey + vy0yy + vy0y7 ] + 170},

(A43)
Du, = —Du* = —y[3; (yvy) + v:0x (Yvy)

+v,0y (Y vx) + vy 9y (Yvi)], (A44)
Du, = —Du’ = —y[3:(yv,) + v, d:(yv,)

+vy0y(yvy) + v,y0y (vl (A45)
Duy = —1°Du” = —yT?[3:(yvy) + v:0:(y ;)

+0y3y(y o) + vy 9y (Y vy — 21y vy, (A46)
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Note that Du, =du, + ryzvg =du® + tyzv%, Du, =
du, = —du*, Duy, = du, = —du’, and Du, = du, # du”,
since Du" = du” + 2t~ 'y?v, = —1t2du,,

The I3 terms are

L = Z(n’”w" + n”a)x + nx”a)xn), (A47)
LY =21, + 7, + 1), (A48)
I3X) _ nxrwy + n,\ra)x +T[

+ e, + 1’ + ny”w " (A49)
I;’I _ 7'['”0)” + T " + nxxwr]x

+ 1V + "o + 7", (A50)
L"=n"0" + 7"’ + 7"

+ "o, + n”’a)"y + "’ (A51)

where the vorticities are defined most generally as
a)’f) = %A““Aﬂv(ua;ﬂ — Upy)
= 1[¢" Dot — unduy) — g8(0"upy — udug)]
+ 5(g"uy — (A52)

Here we used the fact that the Christoffel symbols of the
second kind are symmetric, F(’;ﬂ = Fga, with respect to the
interchange of the two lower indices.

The different components of the vorticity are given as

g vu“)uﬂl"gﬁu)\.

o' = 0% = 1[0:(yv,) + 3,7]

+ 3 lyvedy — yd (yu)l + 517 vpvs, (A53)
o, = o', = Ho:(yv,) + 3,71
+3lyvydy — yd(yv)l+ 317 v 0y, (A54)
o', = 0", = 3[0:(t*yvy) + 9,y ]
+iPyvydy — yd(@yv)] + 3Ty (AS5)
and
o', = 0, = 3[0y(yvy) — (¥ v,)]
+1lyvyd(yvy) — yued(yvy)l, (A56)
o'y = —10" = 13,(yv.) — d.(T7yv,)]
3l yv,d(yv) — yud(@®yvyl,  (AS7)
a)‘,7 = —rza)”y = %[an(yvy) - 8y(12yvn)]
+3lyv,d(yvy) — yo,d(z®yvy)l.  (AS8)

Note that the general expression of the vorticity given
in Eq. (10) in Ref. [77] is missing the contribution of the
Christoffel symbols compared to Eq. (A52) in this work.
Therefore, the values for ", , ®",, and ", given in Egs. (C.22),
(C.23), and (C.24) in Ref. [77] are also 1ncorrect compared to
these formulas.

The next term we need is given by

IZCX (n,x‘[ XT _n,xx XX

o — Ve — ¥

1
+§(1 +y*vy)mgol, (A59)
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Iivy = 770" — g ¥t — gV ¥Y — tzn—)’ﬂo)’ﬂ
1
+3 (L +vPv)mgol, (A60)

| 1 , ,
I:y — E(nxto_yr + T[yfo,xr) _ E(nxxo,)x 4 n}xo,xx)

2

_l(nxya,vy e T_(nxrzayn + gy
2

1
+§(y2vxvy)n;;of, (A61)

1 1
I:’] — E(ijrO_m' + n,r]to,xr) _ E(nxxo_nx + nnxo,)wr)
2

_%(ﬂx}’oﬂ)' + nﬂyo-x)’) — %(7-[)”]0-77’] + 7-[77770-)”])

1
~I—§()/2vxv,,)n§‘of, (A62)
yn 1 yT Nt nt .yt 1 yX _nx nx _yx
I =§(JT o +a"o )—E(n o™+ a™o¥)

2

—%(T[yydﬂy +jTUyO-)’Y) _ %(T[)’ﬂo—ﬂﬂ _I_jTYWO—.WI)

1
+3 (0 oy (A63)

The shear tensor is most generally defined as

oV \VAZIAY

1 %
— EA’J’D‘AUﬂ(u(X;ﬁ =+ u,g;a) - gAMV

1
= z[g’“"(a”ua — u’duy) + g (3" up — u'dug)]

— AN T, — gA“” (A64)
whereas the expansion scalar is
0 = Vyu" = du" + T}, u"
= L0y + 00700 +,(r0)) + By(yvy). (A65)

The various shear tensor components that we need to use are

6
o™ = —ty U+ @y — A+ (P = D3, (A66)
> 1 3.2 1
o = _E(T)fvnvx)"f‘z[at (va)_axy]
1 , 0
—E[vady +yd(yv)l+vy Vr3 (A67)
Ty 1 3.2 1
oW = —E(ry vnvy) + E[af(yvy) —d,y]
1 , 0
_E[J/Uydy +ydyv)l +vy Uy (A68)
3 1
o — —%(24— rzvz) [8 (yvy) — ,,y:l

1 0
—5lyoydy +yd(yv)l + yzvng, (A69)

044904-17



E. MOLNAR, H. HOLOPAINEN, P. HUOVINEN, AND H. NIEMI

U"ﬂ — (1 +2T2 2 2) zan(y,un)
1 22\ 0
—(yvyd(yvy) + 2 + vy, 3 (A70)
and
xx 2.2 0
o™ = —[0x (Yvo) + yuud (Yv)l + (1 + ¥ vx)g, (AT1)
»y 2,
0 = —[0,(yvy) +yv,d(yv,)] + (1 +vy vy)g, (A72)
Xy 1
o = —5[3)(()/%) + ay(yvx)]
1 2 0
—E[J/vyd(yvx) +yvd(yvy)l+y Vxly 3 (A73)
xn V3UXUVI
o' = ———— — — | 0:(yvy) t3 8 (Y vx)
1 2 0
_E[and (va) + vad()’vn)] + Y vangv (A74)
yn VSUYU”
ol = T, T3 el (an)+ 3 L (Yvy)
1 2 6
_E[and(yvy) +yvdyv)l+vy vyvng- (AT5)
The last contributions from Eq. (A32) are
]gcx — (nxr)Z _ (nxx)Z _ (ny)2 _ (_L,n,xn)Z
+3(1+y?0)mgnl, (A76)
ijy — (jTyt)2 _ (Tryx)Z (TL’W)Z (_”Tyn)Z
+i(1+ yzvi)ngnf, (A7)
I;,V = XTIVt g XYYy TZnAnnyn
+%(y2v}C v},)ngnf, (A78)
I;(n — jTXTT[T]T _ n,xxj_[nx _ 7_[)6))7.[7})) _ .[271,)67]7_[7]7)
+1 vl (A79)
15}"1 = VTt VXX gy ny 20
+%(y2v),vn)ngnf. (A80)

Furthermore, to evaluate the Cooper-Frye formula, Eq. (5),
as well as the argument of the equilibrium distribution
function, Eq. (8), we express the four-momenta of particles
as

smh(yp — n))
(A81)

Pt = (mT cosh(y, — 1), px, p>,

where m is the rest mass of the particle, my = v/'m* + p} + p;
denotes the transverse mass, while y, is the rapidity of
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the particle. Therefore, the nonequilibrium corrections to the
spectra from Eq. (7) are given with an argument of

n“ﬂpap,g = sz[cosh2(yp -t + 72 sinhz(yp )
+(p§7'['“ + prpynxy + pinyy)

—2m7 cosh(y, — mM(p™ + py™)

+2tmy sinh(y, — n)(px™" + p,m’7)

—2rm2T sinh(y, — n)cosh(y, — n)w™, (A82)

while using Eq. (C4) we obtain

p“d32}u = r|:mr cosh(y, — n)dxdydn — pxdtdydn

—pydrdxdy — =L sinh(y, — n)dtdxdy].
T
(A83)

APPENDIX B: NUMERICAL METHODS

The conservation laws as well as the relaxation equations
are solved using the well-known SHASTA (SHarp and Smooth
Transport Algorithm) originally developed by Boris and
Book [78] and later refined by Zalesak [79] and others [80].
This numerical algorithm solves equations of the conservation
type with source terms:

o:U + 0;(v;U) = S(¢,x), B

where U = U(t,x) is, for example, T9 or 7% while v, is the
ith component of three-velocity, and S(z,x) is a source term;
for more details see Refs. [77,81,82].

Because for smooth solutions (like in our case) the mul-
tidimensional antidiffusion limiter suffers from instabilities
around the boundary caused by small ripples propagating into
the interior [83], we further stabilized SHASTA by letting the
antidiffusion coefficient A,q, which controls the amount of
numerical diffusion, be proportional to

A
(k/e)* +17

where A3, = 0.125 is the default value for the antidiffusion
coefficient [78], e is the energy density in the local rest frame,
and k = 6 x 107 GeV/fm® is a numerical parameter. In this
way we increase the amount of numerical diffusion in the
low-density region and A,q goes smoothly to zero near the
boundaries of the grid. In our cases of interest this neither
affects the solution nor produces more entropy inside the
decoupling surface.

Itis also important to mention that in the (34 1)-dimensional
case both the conservation and the relaxation equations
are solved using SHASTA, employing the above-mentioned
modification for the antidiffusion coefficient. Earlier, for the
(2+41)-dimensional boost-invariant case, we used a simple cen-
tered second-order difference algorithm to solve the relaxation
equations [13]. However doing so in the (3+41)-dimensional
case does not always lead to stable solutions.

A = (B2)
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To further stabilize the numerical calculations (and also
for ideal fluids) we used a smaller value for the antidiffusion
coefficient in the transverse directions,A;; = 0.105, but kept
A, =0.125 in the n direction. Decreasing the antidiffusion
coefficient produces smoother solutions inside the decoupling
hypersurface but also increases the numerical diffusion, which
in turn may decrease the numerical accuracy. The reason
we used a different coefficient in the longitudinal direction
is to increase the accuracy; see the next section for more
details.

The numerical calculations are done on a discretized
spatial grid (including four boundary points in each direc-
tion as required by the algorithm) of N, x N, x N, cells
with N, = N, = 180 while N, =2 x 120 with Ax = Ay =
An = 0.15 fm cell sizes. The time step is given from At =
AAx, which for A = 0.4 leads to At = 0.06 fm/c. Further-
more, the system is symmetric around the x and y directions,
with exponentially interpolated boundary conditions for the
conserved quantities (e.g., for Glauber-type initial conditions)
and linearly interpolated boundary conditions for the shear-
stress tensor (because the shear-stress tensor may change
sign).

Finally, the freeze-out hypersurface is constructed at time
intervals Atcgp = 5At = 0.3 fm/c. The space is sampled
uniformly in both the transverse and longitudinal directions,
at Axcr = 2Ax = 0.3 fm distances.

The freeze-out hypersurface is calculated by using the
CORNELIUS++ subroutine presented in Ref. [84] and its source
code can be obtained from the Open Standard Codes and
Routines (OSCAR) website [85].

APPENDIX C: REMARKS ON THE
NUMERICAL ACCURACY

SHASTA solves the fluid dynamical equations up to some
finite numerical accuracy. In most cases this means that
in Cartesian coordinates the particle number and energy
are conserved up to s accuracy. However, in (7,x,y,n)
coordinates, the expressions for the conserved quantities as
well as the equations of motion change with additional source
terms resulting from the nonvanishing Christoffel symbols.

As an example let us evaluate a conserved quantity at a
given time or proper time; hence by comparing this initial
value with one at a later time we can follow the accuracy of
the fluid-dynamical solver during this time interval.

The total conserved charge Ny, across any given hypersur-
face is

NtotE/N“d3Eu = [N°d3zo+/1vid32i. (C1)

Here the hypersurface element d>¥,, can be specified in any
coordinate system according to the following general formula:

5, = o Iz’ 9x* 9E*

dudvdw,
ou Jdv Jw

(€2

where €, is the Levi-Civita symbol.
For example, in Cartesian coordinates the hypersur-
face normal vector is Efj’z) (t,x,v,2), where t =t (x,y,2);
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hence

309 = (dxdydz,—didydz,~didxdz,—didxdy)

ot . 4 h Jt 0t
=1 | —sin coshn,——,——,
Tan 7 7 dx  dy

d
% cosh n — sinh n) dxdydn, (C3)
Tan

while in (z,x,y,n) coordinates for £" (z,x,y,n) and T =
T (x,y,n) we obtain

A’ =1(dxdydn,—dtdydn,—drdxdn,—drdxdy).
(C4)

If we are interested in the conserved current across constant
time or proper time hypersurfaces then d>"% = >z (""" =
0; hence in Cartesian coordinates we get

Nt = / N"d* 5509 = yno / dxdydz,  (C5)

where N* = nou” = yno(1,v,,v,,v,) is the conserved charge
current. Similarly, Eq. (C1) leads to the total conserved charge
at any proper-time hypersurface in hyperbolic coordinates,

Nt(T) = / NP BT = yng / tdxdydn. (C6)

To calculate how the total energy-momentum changes
between two closed hypersurfaces, first we define the energy-
momentum current across a hypersuface as

E! = / T"d’s, = / T4y + f THdY;.  (CT)

In Cartesian coordinates Elo = (EO ,E! ), such that EQ
denotes the energy current while E;{, denotes the momentum
current trough the hypersurface. Therefore the total energy

current across a constant-f hypersurface is
E[(z)t(t) = [ TOvd3E‘()t,z) — / TOdedde. (C8)

The energy-momentum current across a constant-t hy-
persurface in (7,x,y,n) coordinates can also be calculated
from Eq. (C7) together with the general transformation rules
El = (0x"/3%%) E2,, where the position vectors are x/ =

(t,x,y,z7) = (tr coshn,x,y,r sinh n) and £* = (z,x,y,n). Thus
the total energy across a constant-t hypersurface is given by

E) (v) = /coshn Tf”d32§f~">+/rsinhn T B

= /(coshn T + tsinhn T") tdxdydn. (C9)

Using the latter formulas we can check energy conservation

from the initial time to the end using
AEg (1) = Eygy (tent) — Ergy (tin) - (C10)

It turns out that by solving the fluid dynamical equations
in Cartesian coordinates we can achieve AEt%t(t) ~ Og
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numerical accuracy, while in hyperbolic coordinates
AE? (1) ~ O,. This behavior is due to two different reasons.

First, the numerical algorithm is accurate only to finite
precision, meaning that 7% or T°7 is calculated correctly
only up to the first six digits. However, due to the hyperbolic
functions in Eq. (C9) the total energy of the system is given by a
differently weighted sum over all cells (compared to Cartesian
coordinates). These hyperbolic weights increase very rapidly
as a function of n; hence even though the numerical error of
the solver is acceptably small for SHASTA, the weighted sum
over all cells in hyperbolic coordinates shows otherwise.
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We have checked that for RHIC energies AE? (1) < 2%
while at LHC energies this number can be as much as 20%.
This is because f (1) is much narrower at the RHIC than at
the LHC. Similar results were also obtained in Ref. [86] using
a different computational fluid-dynamical algorithm.

We also verified energy conservation inside the constant-
temperature freeze-out hypersurface, and we found that in
that case the energy is conserved at 1% accuracy, at both
the RHIC and the LHC. This was expected since inside the
T = 100 MeV freeze-out hypersurface the space-time rapidity
of matter is n < 10.
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